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Chloroplast biogenesis requires the translocation of
proteins across the outer and inner envelopes. The
membrane components of this transport machinery
completely differ from those of other organelles, but
recently homologues of some of the components have
been detected in prokaryotes.
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Chloroplasts are believed, with the support of strong
empirical evidence, to have originated from a photosyn-
thetic, prokaryotic endosymbiont. During the evolution of
chloroplasts from the endosymbiont, most of the genes in
the organelle’s genome were displaced to the host nucleus.
Consequently, it became necessary to develop a specific
recognition and translocation apparatus to reimport from
the cytosol the proteins encoded by the transferred genes
and also any newly evolved organellar proteins. The
protein import systems of chloroplasts and other organelles
operate by a similar set of principles [1]. Nucleus-encoded
proteins destined for the chloroplast are made in the
cytosol with signal sequences that, together with cytosolic
factors that ensure the protein adopts an import-compe-
tent conformation, target the preprotein to the organellar
surface. There, a protein complex facilitates recognition
and translocation of the partially unfolded preprotein.
The protein import machinery of chloroplasts differs in
important respects from that of other organelles.
Chloroplasts are bounded by two ‘envelope’ membranes,
and the outer and inner envelope each has its own
translocation complex, or translocon, known as Toc and
Tic, respectively [2]. The proteins that make up these two
complexes show no apparent sequence similarity to the
components of the protein translocases of other organelles
[3,4]. Recently, homologues to several Toc and Tic
proteins have been identified in the cyanobacterium
Synechocystis PCC6803. We shall discuss the implications of
the new findings for the origin of the protein translocation
apparatus, but start by considering the unique features of
protein import across the chloroplast envelope membranes.
En route to the chloroplast surface
Most preproteins destined for the chloroplasts contain a
targeting signal sequence, in the form of a cleavable amino-
terminal extension known as a presequence or transit
peptide. These transit peptides have many basic and
hydroxylated amino acids, and the latter are targets of a
cytosolic protein kinase. In vitro, this kinase phosphory-
lates specific serine or threonine residues in the transit
peptides of chloroplast, but not of mitochondrial, pre-
proteins. Phosphorylated and unphosphorylated forms of
the preproteins bind to the chloroplast surface equally
well, but only the latter are translocated into the chloro-
plast [5]. Dephosphorylation is thus required for complete
translocation across the outer envelope, probably mediated
by a phosphatase associated with the membrane (Figure 1).
This cycle of phosphorylation in the cytosol and dephos-
phorylation at the chloroplast membrane could represent a
post-translational regulatory step that helps to synchronise
protein uptake with organellar protein synthesis.
Chloroplast transit peptides lack a strict consensus
sequence and, unlike mitochondrial transit peptides, they
do not appear to form a specific secondary structure.
Chloroplast-specific galactolipids, such as monogalacto-
syl- and digalactosyl-diglyceride, the negatively charged
glycolipid solphoquinovosyl-diglyceride and the anionic
phospholipid phosphatidylglycerol, which are found in
the outer envelope membrane, interact specifically with
either the amino-terminal or carboxy-terminal part of the
transit peptide [6,7]. Interaction with the carboxy-
terminal part of transit peptides was found to induce a
rapid change in the morphology of liposomes containing
monogalactosyl-diglyceride [6,7]. Such preprotein–lipid
interactions may facilitate specific recognition of prepro-
tein transit peptides at the chloroplast surface. Molecular
chaperones of the heat-shock protein 70 (Hsp70) family
enhance the import efficiency of preproteins in vitro, but
are not always required [3].
Translocon components at the outer envelope membrane
The Toc complex consists of at least three proteins,
Toc86, Toc75 and Toc34 (Figure 1). Cross-linking experi-
ments revealed that preproteins interacted with Toc86
and Toc34 in the absence of nucleotides, but low concen-
trations of ATP and GTP were required for contact with
Toc75 [8–10]. Antibodies against Toc86 inhibited binding
of the preprotein to the chloroplast surface [11], so Toc86
is probably the receptor for initial recognition of the
preprotein. The Toc86 sequence shows significant simi-
larities to that of Toc34, and both have GTP-binding sites
[8,12]. Low levels of GTP were found to enhance prepro-
tein binding to Toc86, but to inhibit binding to Toc34 [8]. 
In the Toc complex, Toc34 appears to be close to Toc75, as
a disulphide bond forms between the two proteins in vitro
[12]. Recombinant Toc75 formed a voltage-gated channel
in a lipid bilayer in vitro, with gating properties that
changed dramatically in the presence of preproteins [13].
These observations suggest that Toc75 forms a central part
of the protein translocation pore. Given its GTP-binding
properties, Toc34 might regulate gating of the Toc75 pore,
though it might equally well mediate the release of prepro-
teins from the recognition site to the translocation pore.
Another protein that may be a component of the Toc
complex is Toc36 — a member of the Cim/Com44 family
of inner/outer envelope membrane proteins — which
seems to associate with both inner and outer envelope
membranes. Using a membrane-impermeable cross-
linker, Toc36 was found to come physically close to a pre-
protein during its import into intact chloroplasts [14]. This
observation suggested that Toc36 is part of the Toc
complex. The role of Toc36 in protein import into chloro-
plasts remains to be established, but there is evidence that
it might be capable of complementing bacterial secA
mutants, which are defective in protein secretion [15].
The Toc machinery seems to be completed by two differ-
ent Hsp70 homologues; both associate with the outer
envelope membrane, one (Com70) on the cytosolic side
[16] and the other in the inter-envelope space [17].
Translocon components at the inner envelope membrane
So far, there is no clear idea how the protein import
machinery of the inner envelope membrane is arranged, as
only a few of its components have been characterised at
the molecular level and none at the functional level. Com-
ponents of the Tic complex were generally identified by
co-immunoprecipitation with preproteins, which were
cross-linked after locking them to the translocon by
energy limitation [18,19]. These results support the
assumption that joint translocation sites are formed while
preprotein translocation proceeds simultaneously across
the outer and inner envelope membranes.
Several components of the Tic complex (Figure 1) have
been identified: Tic110, Tic55, Tic22, Tic21 and IAP36
[8,10,18,20,21]. Co-immunoprecipitation of a preprotein
trapped at the translocon revealed that Tic110 lies close to
either components of the Toc complex or the translocat-
ing preprotein [18–20]. Tic110, Tic55 and the major
components of the Toc complex were co-isolated with a
preprotein, translocation of which was slowed down by
decreasing the temperature [21]. As mapped by selective
protease treatment, the larger part of Tic110 protrudes
into the intermembrane space [18], so Tic110 may be
involved in the interaction of the Toc and Tic complex
during translocation of the preprotein. 
Tic55 contains a Rieske-type iron-sulphur cluster and a
mononuclear iron-binding site. When Tic55 was modified
with diethylpyrocarbonate, translocation of the preprotein
was halted at the level of the inner envelope membrane
[21]. Tic21 and Tic22 could be cross-linked to a pre-
protein at distinct stages during translocation across the
inner envelope membrane [8,10], but little is yet known
about the structure or biochemistry of either protein.
On the stromal side of the inner envelope, three different
molecular chaperones appear to associated with the Tic
complex — Hsp100, Hsp70 and chaperonin 60 [19,20].
Whereas Hsp100 was observed to interact stably with com-
ponents of the Tic complex, Hsp70 appeared to be more
loosely associated [19]. Chaperonin 60 co-immunoprecipi-
tated with Tic110 when the preprotein had reached the
stroma, indicating that it is involved in a later stage of import
[20], such as assembly or folding of the processed protein.
Relatives of Toc and Tic proteins
With the exception of the heat-shock proteins, the Toc
and Tic proteins are not similar in sequence to any known
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Figure 1
Model of preprotein translocation across the outer and inner envelope
membrane of chloroplasts. Cim/Com, chloroplast inner/outer envelope
membrane proteins; cpn60, chaperonin 60; IAP, import intermediate
associated protein; numbers indicate the molecular weights of the Toc
and Tic proteins. (See text for details.)
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eukaryotic protein. Recently, homologues of Toc75,
Toc34 and Tic55 have been found to be encoded in the
genome of Synechocystis PCC6803 [3]. The functions of
these Synechocystis homologues are not yet known, but the
sequence of synTic55 suggests that, like its pea homo-
logue, it forms a Rieske-type iron-sulphur cluster and a
mononuclear iron-binding site. And synToc34 has the
same distribution of GTP-binding motifs and membrane-
anchor domain as its pea homologue. Secondary structure
prediction suggests that synToc75 forms β sheets, which
would permit folding into a barrel-like structure. Further-
more, synToc75 formed a voltage-dependent ion-channel
in liposomes, with similar gating behaviour to Toc75
(R. Wagner and J.S., unpublished observations). 
In contrast, no gene encoding a homologue of Toc86,
Toc36 or Tic110 has yet been found in the Synechocystis
genome or that of any other bacterial species. These pro-
teins presumably either originated from the eukaryotic
host or arose de novo during chloroplast evolution from an
ancestral prokaryote (probably a cyanobacterium). Even
though no prokaryotic homologue of Toc36 has been
found, the Brassica napus protein can supplement secA
mutations in Escherichia coli [15]. In E. coli cells expressing
Toc36, the recombinant protein was present mainly in
soluble form in the bacterial cytoplasm, but also as insolu-
ble inclusion bodies. Small amounts of the Toc36 co-frac-
tionated with the bacterial outer membrane, whereas in B.
napus chloroplasts, Toc36 was found in both the inner and
outer envelope membranes [14]. The molecular mecha-
nism by which Toc36 complements absence of SecA
therefore remains elusive.
These results together mark the first steps towards
elucidating the evolutionary origin of the protein import
apparatus, and also of the chloroplast outer envelope. Further
insight into the molecular mechanism of protein translocation
in chloroplasts may come from attempts to complement
mutations in the homologous genes of cyanobacteria.
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